Objective: Interictal epileptic spikes (IESs), apart from being a key marker of epileptic neuronal networks, constitute a nice model of the widespread endogenous phenomenon of neuronal hypersynchronization. Many questions concerning the mechanisms that drive neurons to hypersynchronize remain unresolved, but synaptic as well as nonsynaptic events are likely to be involved. In this study, changes in optical properties of neural tissues were observed in rats with penicillin-induced IES using fast optical signal (FOS) concomitantly with electrocorticography (ECoG). Methods: In this study, near-infrared optical imaging was used with ECoG to investigate variations in the optical properties of cortical tissue directly associated with neuronal activity in 15 rats. FOS changes correspond to variations of scattered light from neuronal tissue when neurons are activated. To independently evaluate our method, a control experiment on somatosensory was designed and applied to seven different rats. Time-frequency analysis was also used to track variations of (de)synchronization concomitantly with changes in optical signals during IES. Results: FOS responses revealed that changes in optical signals occurred 320 msec before to 370 msec after the IES peak. These changes started before any changes in ECoG signal. In addition, time-frequency domain electrocorticography revealed an alternating decrease-increase-decrease in the ECoG spectral power (pointing to desynchronization-synchronization-desynchronization), which occurred concomitantly with an increase-decrease-increase in relative optical signal during the IES. These results suggest a relationship between (de)synchronization and optical changes. Significance: These changes in the neuronal environment around IESs raise new questions about the mechanisms that induce changes in optical properties of neural tissues before the IES, which may provide suitable conditions for neuronal synchronization during IESs. FOS-ECoG constitutes a multimodal approach and opens new avenues to study the mechanisms of neuronal synchronization in the pathologic brain, which has clinical implications, at least in epilepsy.
The interictal epileptic spike (IES) is one of the key biomarkers of epileptic neural network activity. The occurrence of IESs within epileptic networks is generally related to changes in excitability threshold by the interaction of synaptic (excitatory and/or inhibitory) and nonsynaptic ([K + ], ephaptic conduction, cellular environment, and so on) mechanisms that propel the neural network to transient hypersynchronization. 1 These interactions have been poorly studied, particularly in vivo, despite the fact that such studies may lead to new therapeutic targets. Although many studies have examined the synaptic mechanisms constituting the basis for most of the current principles of brain activity, relatively few studies have tried to characterize changes in the cellular environment that might predispose a network to pathologic synchronization. 2, 3 However, volume and ion changes in the extracellular space can alter neuronal excitability. 3, 4 For example, concomitant cellular swelling with cellular activity has a facilitating effect on neuronal synchronization during epileptic spikes, by reducing the extracellular space, increasing the extracellular K + concentration, and facilitating ephaptic conduction. 5 Similarly, diuretics block cell swelling, which induces an increase in the threshold of excitability, thereby decreasing the probability of IES occurrence. 3 To address these issues we have developed, over many years, an original, multimodal, simultaneous, electrical and optical approach to functionally and noninvasively characterize both the neuronal and vascular components of dysfunction of the epileptic network in epileptic animals and children. 6, 7 Fast optical signal (FOS) in the frequency domain was used in this study to precisely investigate the changes in the cellular environment in vivo associated with IES.
Functional near-infrared spectroscopy (fNIRS) is an alternative technique for recording hemodynamic signals (slow signals), which occur within seconds after the onset of stimulation and which are mainly generated by light absorption. fNIRS has also been used to study variations in the optical properties of cortical tissue directly associated with neuronal activity and changes in the light scattering of the neurons. 8, 9 These produced signals described as FOSs, or event-related optical signals (EROSs), 10 which appear within milliseconds after the onset of the stimulus. Because the FOS is associated with cellular mechanisms rather than hemodynamic responses, it can capture brain activation with high temporal (milliseconds) and spatial (millimeter) resolution. In addition, FOS is independent of the type of the cell populations activated (principal cell, interneurons, or glial cells) and their orientations (perpendicular or not perpendicular to the surface). This feature potentially confers a major advantage to develop an ideal bridge technology for neuroimaging data fusion using FOS data. In vitro studies have demonstrated that synchronous changes in the NIR light-scattering properties of activated neurons are observed within a few tens of milliseconds after the electrical activity of a single neuron. 8, [11] [12] [13] More recently, changes in the optical transmitted intensity have been demonstrated in rat brain tissue in response to suprathreshold electrical stimulation. 14 However, in vivo detection of FOS is difficult and was unsuccessful in some studies, 15, 16 which nevertheless did not refute the principle of FOS, as many groups have been able to detect this signal. 9, 10, [17] [18] [19] [20] [21] [22] Several explanations can be proposed for these difficulties, such as the low signalto-noise ratio (SNR), 22 the need for very accurate detection of the position of signal sources, and the definition of the time of neuronal activity. 10 Until now, the methods proposed for the detection of FOS have included the grandaverage and adaptive filter approach, 9 independent component analysis-based methods, 19 and the generalized linear model (GLM). 22 In the present study, by simultaneously combining FOS and electrocorticography (ECoG) as a multimodal approach, we analyzed and related changes in light scattering recorded by FOS to the neuronal activity analyzed in the time and frequency domains (increase/decrease in ECoG spectral power) associated with IES induced by penicillin injection in rats. This is the first time that FOS is used in a pathologic setting.
Materials and Methods

Animal preparation
The method used in the present study is similar to a previously published method. 7 Briefly, experiments were carried out on 15 Sprague-Dawley rats of either sex, weighing 260-470 g, and anesthetized with urethane (1.25-1.5 g/kg, intraperitoneally). They were housed in controlled conditions in the animal house of the Jules Verne University of Picardy, Faculty of Medicine (Amiens, France). Rats were kept in a 12 h dark/light cycle environment at a temperature of 22°C and had access to standard chow and tap water. After approval by the local independent ethics committee, on the day of the experiment, the rats were used individually in experimental procedures conducted in accordance with the guidelines for small animal research. We used a minimum number of animals and anesthesia was used for all experimental procedures. Heart rate was monitored continuously and body temperature was maintained at 37-39°C. The rat was placed in a stereotaxic frame and the head was
Key Points
• Fast optical signal (FOS) concomitantly with electrocorticography (ECoG) is used to elucidate the mechanisms involved in the neural network changes during interictal epileptic spikes (IESs)
• FOS is associated with cellular mechanisms rather than hemodynamic responses and can capture brain activation with high temporal (msec) and spatial resolution (mm)
• The results of this study demonstrate that changes in light scattering started around 300 msec before and end around 400 msec after the IES peak (1) Making the holes: After a horizontal incision of the scalp, a 10 9 15 mm field of bone was exposed. Three craniotomy holes on each side of midline (1.8 mm in diameter) were drilled at a distance of 2.5 mm from the midline and from each other (E1, I, D1 and E2, II, D2), and dura mater was removed to facilitate penetration of penicillin into the brain. (2) Applying the electrodes, emitters, and detectors on the surface of cortex: NIRS detectors, emitters, and ECoG electrodes were inserted into the holes and secured at an angle of 90 degrees relative to the neocortical surface ( Fig. 1) . To allow analysis of light scattering changes related to neuronal activations in rat gray matter, the distance between emitters and detectors (5 mm) was set according to the banana-shaped photon trajectory, with a depth corresponding to one third of the distance between emitters and detectors 23 (1.7 mm). (3) Injecting penicillin: penicillin sodium (Sigma), in a volume of 6-7 lL corresponding to 1,000-1,500 units per subject, was injected into the surface of the cortex in the left ECoG position, position "I," and allowed to flow over the cortical surface. (4) Recording: data acquisitions started about 1 h after induction of anesthesia. After recording a 10-min reference period (baseline), the ECoG electrode at position "I" was removed and penicillin was injected through this hole into the left sensorimotor cortex. After repositioning the ECoG-electrodes, data were acquired for about 70 min. At the end of the experiment, each rat was overdosed with urethane and returned to the animal facility, in compliance with procedures for sacrificed animals.
Data acquisition
ECoG signals were recorded using Deltamed amplifier (Natus Medical Inc.) with two monopolar stainless steel needle electrodes (Comepa Industries) in positions "I" and "II." The sampling rate was 1,024 Hz and the ground electrode was placed in a neck muscle. fNIRS measurements were carried out with a frequency-domain spectrophotometer (Imagent, ISS Inc.) using two detectors and two emitting channels, each channel comprising coupled 690 and 830 nm modulated at a frequency of 110 MHz. The sampling rate was 156.25 Hz and the DC signals were analyzed in this study. In all experiments, FOS and ECoG recordings were also synchronized by external triggers.
Data analysis
Typically, well-formed triphasic spikes were observed about 20 min after penicillin injection. The number of spikes in each rat was between 1,200 and 2,300.
ECoG data processing
Time domain analysis
For ECoG data processing, epileptic spikes were detected after preprocessing of ECoG data using a band-pass zerophase Butterworth filter to filter the signal between 3 and 20 Hz. The reference period was considered between 800 and 600 msec before the peak. BESA software was used for spike detection. The maximum positivity of the detected spikes (P1), ipsilateral to the injection site, was used as the zero time reference for further FOS analysis acquired in parallel. Epochs containing these events were averaged from À800 msec to +800 msec around the (P1) peak in both ECoG and FOS signals (Fig. 2) .
Time-frequency domain analysis
In unfiltered ECoG, 800 msec epochs were defined before and after each spike from the continuous ECoG recordings (baseline: À800 to À600 msec before the peak of spike). Artifact-free epochs were averaged. Time-frequency representation was performed according to the procedures described by Hoechstetter 24 and implemented in BESA Research. Time-frequency responses (TFRs) were computed on the each spike at each frequency (4-50 Hz with steps of 2 Hz and temporal resolution of 25 msec). The TFRs of spike activity (A(t, f)) were expressed as the changes relative to baseline activity as follows,
where A(t, f) is the activity at time t and frequency f (absolute amplitude) and A baseline (f) is the mean activity at 
FOS data processing
Compared to other physiologic signals, FOS is so small that it cannot be observed directly. These signals need to be separated from noise that may be several orders of magnitude larger. Cardiac artifacts are the most common and most powerful physiologic artifacts affecting optical signals.
To eliminate respiratory artifacts without shifting the signal delay, sixth-order low-pass and third-order high-pass zero-phase Butterworth filters were used to filter the signal between 2 and 20 Hz. Baseline correction from À800 to À600 msec was then performed. To eliminate cardiac artifact, an independent component analysis (ICA) algorithm plus one classification method was applied to all filtered signals, and almost completely eliminated this noise. The epochs (À800/+800 msec) around the peak of the "P1" spikes were selected and then averaged. Finally, by applying t-tests, time bins were designated with a significant difference of responses from baseline (p < 0.04). The same procedure using another filter, the Chebyshev filter between 1.8 and 20 Hz was applied on signals. The trends observed are similar to what has been obtained using Butterworth filters (supporting information).
Preliminary control experiment
We designed another experiment on different rats and again recorded the FOS and ECoG signals in order to provide an independent control condition to evaluate the method and FOS trends in our results. This experiment was performed to obtain event-related optical signals in response to electrical stimulation of the median nerve. Significant FOS changes, related to right forepaw stimulation, were observed during stimulation using intensity measurements (DC signal).
Animal preparation and stimulation
Based on the study by Franceschini, 25 the sources and detectors were positioned on the somatosensory area, through which the photons penetrate into each hemisphere.
Experiments were carried out on seven male SpragueDawley rats, weighing 430-530 g, anesthetized by urethane (1.25-1.5 g/kg, intraperitoneally). After a horizontal incision of the scalp, a 10 9 15 mm field of bone was exposed. Forepaw stimulation was delivered by an electrical stimulator. The electrodes were placed in the ventral direction on the right forepaw, a position that ensures that all median nerve fibers are stimulated. The anode and the cathode were separated by a distance of 2 cm. The electrodes were moved laterally to determine the most effective location. The motor threshold (MT) was determined by applying 3 Hz continuous stimulation and adjusting the stimulation current until forepaw movement became visible. We ran 70 blocks for each experiment, a rest interval ranging from 18 to 20 s between each block, 10 s stimulus train duration with an amplitude just higher than the MT, and a 3 Hz frequency within each train.
Signal acquisition and data analysis
The signal acquisition method presented the same configuration as that described in "FOS Data Processing," except that filtering was performed between 1 and 20 Hz. The baseline correction 50 msec before stimulation time was then applied to the data. An ICA algorithm was applied to all filtered signals to remove cardiac artifacts. After processing, the epochs around the stimulation time (À50 to +300 msec) were averaged (Fig. 4) . The details of the data processing method were the same as those described in "ECoG Data Processing" and "FOS Data Processing" sections. Figure 2 part C shows the grand average FOS response on the ipsilateral side (injection site). Error bars indicate the standard deviations for the corresponding signals at each time-point. The FOS response curve is visible at 690 Hz between emitter "E1" to detector "D1." Similar results were also obtained between E1 and D1 at 830 Hz. Figure 2 part A shows the response on the contralateral side (control site) between E2 and D2 at 690 Hz.
Results
FOS responses
On the basis of Figure 2 part C, the FOS response was divided into six parts:
1 FOS Ia From À320 to À200 msec, corresponded to the first phase of the FOS response during which the intensity of the detected light increased significantly. 2 FOS Ib: From À200 to À100 msec, the response was followed by a significant decrease in the intensity of the detected light.
3 FOS IIa: From À100 to 0 msec, the intensity of the detected light crossed the baseline to reach a negative peak. 4 FOS IIb: From 0 to 70 msec, the intensity of the detected light returned above the baseline from a negative peak. 5 FOS IIIa: From 70 to 160 msec, a significant increase in the intensity of the detected light was observed. 6 FOS IIIb: After 370 msec, FOS response was finally followed by passive return to baseline.
Significant changes (p < 0.04) in the FOS signal were observed from FOS Ia, until the end of FOS IIIb.
As shown in Figure 2 parts A and B, no clear and powerful pattern of FOS and ECoG responses were observed on the "control site" compared to the responses on the "injection site," corresponding to the predicted area of activity.
To adjust the p-values for multiple testing, another statistical test was applied to the data. The test was performed between two groups; one group containing the means of the baseline periods of all rats, and the other containing the means of the activity periods of all rats. The results showed significant differences between baseline and activity period values (Fig. 3) .
ECoG response
In order to analyze the relationship between changes in neuronal activity and FOS changes, the grand average of spikes in the ECoG signal around the peak and the error bars are plotted in Figure 2 part D. In the time domain, significant changes (p < 0.04) in the ECoG signal were observed between the two positive peaks of FOS between À200 and +160 msec, which is much shorter than the significant changes in the FOS response between À320 and +370 msec (Fig. 2) .
Time-frequency response
To elucidate the relationship between epileptic neural network activity and changes of scattered light, we compared changes in FOS with changes in the TFR of the ECoG. The underlying neuronal populations showed a significant (p < 0.02) pattern of decrease-increase-decrease in the ECoG spectral power almost in parallel with the significant changes of FOS response and over the same time periods. Weak increase in the ECoG spectral power was also observed between 400 and 600 msec concomitantly with a very minor decrease in the FOS response, which could possibly be related to slow waves (Fig. 2) .
Preliminary control study response
In this experiment examining cortical evoked responses to median nerve activation, the same analysis was applied to FOS and ECoG signals. As expected, the light intensity decreased significantly and simultaneously with the increase in evoked synchronization during the activation period in the somatosensory experiment, whereas no changes in scattering or synchronization were observed before stimulation (Fig. 4) . These results are in line with Maclin's findings. 21 
Discussion
An important question raised by this study concerns the physiologic origin of these fast changes in the optical properties of neuronal tissue. FOS is known to be due mainly to changes in light scattering. These changes are usually attributed to physical characteristics of the brain, such as mechanical changes of cells/organelles (swelling and shrinking) or changes of the refractive properties of membranes. 9, 19 Stepnoski et al. 13 proposed the reorientation of the dipoles in the membrane during the action potential results in change in optical properties.
Many other researchers have proposed that the change in FOS is related to the mechanical changes in neural structures. Neuronal activity is associated with the movement of ions across and around the neuronal membrane, resulting in the surface electrical response and changes in the osmolarity of intracellular and extracellular compartments. These, in turn, may affect the scattering properties of the medium. During cell swelling, which would be related to neuronal activation, expansion of the cell membrane would facilitate light transmission, resulting in less reflection onto the detector and consequently a decreased FOS response compared to the baseline. On the other hand, cell shrinking results in the reverse effects and increases the FOS response. 26, 27 Cohen et al. 8 found that the light scattering experiences a biphasic change (90°) simultaneously with the action Figure 3 . Statistical distribution (Boxplot) of the average values in the activity periods (n = 15). The whiskers are lines that extend from the box to the highest and lowest values. The line across the box indicates the median. Baseline, baseline period; P1, first activity period; P, second activity period; P3, third activity period; ***p < 0.001 (paired t test). Epilepsia ILAE potential. They reported that these changes are current and depend on volume. Rector et al. (1997) found the reflected light decreases synchronously (in the order of the milliseconds) with the electrical signal. They proposed that the changes in cell conformation are most likely responsible for these rapid optical changes. They also suggested that axons, dendrites, and smaller interneurons would exert larger relative volume change on discharge and their effects on reflectance may be more intense than larger cells. 12 Tasaki et al. 28 found that an increase in the water content causes a sudden swelling of the gel layer of the membrane, and that this is simultaneous to the thermal, mechanical, and optical changes in the axon. Yao et al. (2003) recorded the swelling signal and action potential and showed that they reach a maximum almost simultaneously (a few milliseconds). They also reported a decrease in the length of the neural fibers and an accumulated shortening for repetitive stimulations. 29 Akkin et al. 30 reported fast optical changes in the crustacean nerve during action potential and concluded that neural activity might be attributed to a change in the cellular volume due to excitation of the neuron. Lee et al., (2010) demonstrated the spectral measurement of fast optical changes associated with neural activity in bulk brain tissue. They presented a hypothesis that a transient optical response might originate from a cellular volume change during activation. They also supported this hypothesis with theoretical and quantitative evidence.
14 Because many studies proposed that FOS changes are related to mechanical changes, we interpret FOS findings in terms of this mechanism. Figure 2 part C shows FOS responses during IES, which we divided into six parts, and which we interpret as follows:
1 FOS Ia, FOS response significantly increases, would correspond to cell shrinking in the neuronal area. 2 FOS Ib, FOS response significantly decreases, would correspond to an active or passive process of decreased shrinking. 3 FOS IIa, FOS response decreases below the baseline to reach a negative peak, would correspond to cell swelling. 4 FOS IIb, FOS response increases to above the baseline, suggesting that neuronal swelling starts to decrease. 5 FOS IIIa, FOS response significantly increases above the baseline to a positive peak, would correspond to another phase of cell shrinking. 6 FOS IIIb, FOS response finally exhibits a passive return to the baseline.
ECoG shows the local field potential produced by synaptic potentials associated with synchronous activity of local neuronal assemblies. The physiologic mechanisms that are responsible for increases and reductions of the spectral power of the local field potential are the synchronization and desynchronization of local neuronal activity. 31, 32 Based on this, the time-frequency response illustrated in Figure 2 part E shows significant hypersynchronization concomitantly with significant decrease in FOS, which, according to our previous hypothesis, would correspond to cell swelling. Desynchronizations, which preceded and followed hypersynchronization, occurred concomitantly with the peak of increase in scattering before/after the onset of the triphasic IES. In summary, desynchronization-synchronization-desynchronization of the underlying neural networks occur simultaneously with neuronal shrinking-swelling-shrinking.
In the control experiment, the light intensity of the FOS signal decreased after 20 msec, a time corresponding to known cortical neuronal activation, signifying cell swelling, 14 and corresponding to increase in evoked synchronization, whereas no changes in scattering or synchronization are observed before stimulation (Fig. 4) . The evoked response study indicated that FOS as well as the TFR followed the time-course of the evoked potential accurately, in contrast to FOS and the TFR for the IES.
In the IES experiment, the mechanisms responsible for the early changes in light scattering and desynchronization observed 320 msec before the IES peak are not completely clear. Although increases in light scattering (shrinking) have not been described previously in vivo, desynchronization has been repeatedly reported to precede hypersynchronization in other models of human chronic epilepsy. 33 Keller reported that transient decrease in both local field potential spectral power and neuronal firing rates preceding interictal discharges is concomitant with various patterns of neuronal activation or deactivation occurring 400 msec before hypersynchronization, reflecting the complex role of neuronal assembly in triggering of the IES. 33 He also reported that these changes in spectral power correlate closely with the changes in neuronal firing and together suggest a cortical inhibitory period preceding the fast component, followed by an excitatory period during the fast component of the interictal discharge and an inhibitory period during the slow wave.
Following the hypothesis that an increase in light scattering corresponds to cell shrinking, whether it involves astrocytes or neurons, it would thereby increase the extracellular space and decrease the extracellular glutamate and potassium concentrations in zero-calcium solution. 34 These two mechanisms would both reinforce the effect of transient membrane hyperpolarization induced by activation of local inhibitory interneurons, occurring prior to the rebound effect that immediately induces hypersynchronization of principal cells in the IES. 35 Such changes in neuronal environment and desynchronization occur concomitantly with modifications in the neurophysiologic synchrony in intrinsic connectivity networks, observed before the IES within approximately the same time delay. This interictal disruption of functional networks has been correlated with cognitive outcome in children with epilepsy. 36 Decrease in light scattering is observed concomitantly with the expected broad-band hypersynchronization of the IES and the first positive peak of the ECoG signal. Neuronal swelling would result in a reduction of the extracellular space and enhances ephaptic conduction and electrolyte (notably K + ) and neurotransmitter concentrations. Regardless of its underlying mechanisms, neuronal swelling facilitates enhancement of both synchronization and local formation of IES, 34 and amplifies high-frequency oscillations (HFOs), notably by modifying environmental excitability. These effects would interact, for example, with the functional and electrical clustering of neuronal activity that participates in pathologic HFOs. 37 Finally, light scattering re-increases simultaneously with desynchronization and concomitantly with the second positive wave. This increase in light scattering-desynchronization-at around 300 ms corresponds to the absolute refractory period, 38 during which no epileptic event can be elicited. The simultaneous onset of these two dynamics occurs at a time when principal cells are hyperpolarized by c-aminobutyric acid (GABA)ergic inhibition and/or a combination of disfacilitation and potassium currents, which finally results in the IES, limits lateral propagation, 39 and participates in IES periodicity. Shrinking, which might correspond to increase in light scattering, would increase the extracellular space and facilitate disengagement of neurons from pathologic hypersynchronization. Because shrinking would occur concomitantly with decrease in the spectral power, it may facilitate deactivation, disfacilitation, or inhibition of neurons and/or astrocytes. 40 In conclusion, using a relatively noninvasive multimodal in vivo approach, we have demonstrated that the dynamics of the changes in light scattering evolve simultaneously with the dynamics of the neuronal population during the IES. We can conclude that FOS provides an overview of the global output of cell dynamics during the IES, which are likely to participate in the regulation of the excitability of brain tissue. These findings shed new light on the mechanisms that drive the neural network toward a pathologic loop with transient epileptic hypersynchronization, as during IES. This type of approach can be developed for noninvasive assessment of human patients with epilepsy. Future research will be designed to identify changes to the approach necessary to create a human model.
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